Thermostilla marina gen. nov., sp. nov., a thermophilic, facultatively anaerobic planctomycete isolated from a shallow submarine hydrothermal vent
A novel thermophilic planctomycete (strain SVX8 T ) was isolated from a shallow submarine hydrothermal vent, Vulcano Island, Italy. The temperature range for growth was 30-68 8C, with an optimum at 55 8C. The pH range for growth was 5.0-9.0, with an optimum at pH 7.0-8.0. Growth was observed at NaCl concentrations ranging from 0.8 to 4.5 % (w/v) with an optimum at 2.5-3.5 % (w/v). The isolate grew anaerobically using a number of mono-, di-and polysaccharides as electron donors and nitrate or elemental sulfur as electron acceptors or by fermentation. Nitrate was reduced to nitrite; sulfur was reduced to sulfide. Strain SVX8 T did not grow at atmospheric concentration of oxygen but grew microaerobically (up to 2 % oxygen in the gas phase). The G+C content of the DNA of strain SVX8 T was 58.5 mol%.
Based on phylogenetic position and phenotypic features, the new isolate is considered to represent a novel species belonging to a new genus in the order Planctomycetales, for which the name Thermostilla marina gen. nov., sp. nov. is proposed. The type strain of Thermostilla marina is SVX8 T (5JCM 19992 T 5VKM B-2881 T ). Strain SVX8 T is the first thermophilic planctomycete isolated from a marine environment.
The phylum Planctomycetes comprises a group of budding bacteria that possess peptidoglycan-less cell walls and a highly distinctive cell organization including intracytoplasmic membranes dividing the cell into compartments (Fuerst, 2005) . Aerobic heterotrophic Planctomycetes have been isolated from diverse environments, including marine and freshwater sediments, soil, hot springs, salt pits and peat bogs (Fuerst & Sagulenko, 2011; Wang et al., 2002) . In addition, representatives of a particular group of obligately anaerobic, lithoautotrophic, anammox planctomycetes have been found in wastewater plants, coastal marine sediments, and oceanic and freshwater anoxic zones (Fuerst & Sagulenko, 2011) . In spite of the recent success in isolating members of the Planctomycetes, the phylum remains underrepresented in microbial culture collections. The vast majority of planctomycetes are mesophilic. Recently, two thermophilic strains with growth optima above 50 8C were isolated from terrestrial and subsurface habitats and described as members of a new genus, Thermogutta (Slobodkina et al., 2015) . Here, we report the isolation and characterization of a novel thermophilic, anaerobic and microaerophilic planctomycete, Thermostilla marina gen. nov., sp. nov., from a marine ecosystem.
Strain SVX8
T was isolated from a mixed sample of sand, fluid (thermal water and dissolved gases) and seawater collected at a shallow submarine hydrothermal vent (70 8C, pH 6.5-7.0) at a depth of 0.5 m and at 3 m offshore, Vulcano Island, Italy. Samples were taken anaerobically in tightly stoppered bottles and transported to the laboratory. An enrichment culture was initiated by inoculation of the sample (10 %, w/v) MgCl 2 . 6H 2 O, 2.0 g NaHCO 3 , 1 ml trace element solution (Slobodkin et al., 2012) and 1 ml vitamin solution (Wolin et al., 1963) . The pH of the medium was adjusted to 6.5-6.8 (measured at 25 8C) with 10 % (w/v) NaOH solution. No reducing agents were added. Medium was dispensed in 10 ml portions into 17 ml Hungate tubes and sterilized at 121 8C for 60 min; the head space was filled with CO 2 . Xanthan gum (Kelco) (5 g l
21
) and KNO 3 (10 mM) were used as electron donor and acceptor, respectively. For the selective isolation of planctomycetes, the medium was supplemented with ampicillin (200 mg ml
). After incubation of the enrichment at 50 8C for 15 days, oval-shaped cells were observed in the medium. After three subsequent transfers followed by serial 10-fold dilutions in the presence of antibiotic, only one morphological type was observed in the highest growth-positive dilution ( 10 28 ). Attempts to obtain separate colonies either anaerobically in agar blocks or aerobically on the surface of the medium solidified with 1.5 % agar or phytagel as solidifying agent were unsuccessful. A pure culture of strain SVX8
T was obtained by a dilution-to-extinction technique in the liquid antibiotic-containing medium. The purity of the isolate was verified by microscopic observation and inoculation into media containing various heterotrophic substrates under anaerobic or aerobic conditions. Light and electron microscopy, tests for aerobic and microaerobic growth, determination of gaseous products of metabolism, DNA extraction, determination of G+C content and determination of cellular fatty acids (CFAs) were performed as described previously (Slobodkina et al., 2013) . Nitrate and sulfur reduction products and oxidase and catalase activities were estimated as described by Slobodkina et al. (2015) . Unless mentioned otherwise, strain SVX8
T was cultivated in the same medium used for isolation with maltose (2 g l 21 ) and potassium nitrate as electron donor and acceptor and excluding ampicillin. For the pH experiments, the medium was adjusted to different pH values (3.0-10.0) with sterile anaerobic solutions of HCl (2 M) or NaOH (5 %, w/v) in each test tube. NaCl requirement was determined in the medium of the same mineral composition lacking NaCl and containing MgCl 2 . 6H 2 O at 0.33 g l 21 . Varying amounts of NaCl (0-7.0 %, w/v) were added directly into the Hungate tubes. Potential donors and acceptors were tested in the presence of 0.1 g yeast extract l
. Soluble substrates and electron acceptors were added from sterile anaerobic stock solutions before inoculation. Insoluble substrates and electron acceptors were added directly into each test tube with liquid medium prior to sterilization. Medium with poorly crystalline Fe(III) oxide (ferrihydrite) was prepared as described previously (Slobodkin et al., 1999) . Genomic DNA isolation, and 16S rRNA gene amplification and sequencing were performed as described by Slobodkina et al. (2013) . Pairwise similarity values were calculated by means of the EzTaxon server (http://www.ezbiocloud.net/eztaxon; Kim et al., 2012) . Alignment with a representative set of related 16S rRNA gene sequences from GenBank (Benson et al., 1999) was carried out with the CLUSTAL W program implemented in the phylogenetic analysis package MEGA version 6 (Tamura et al., 2013) . Evolutionary analysis and phylogenetic tree reconstruction employed the maximumlikelihood method based on the Tamura-Nei model (Tamura & Nei, 1993) provided by MEGA version 6.
Cells of the new isolate were coccoid and 0.5-1.2 mm in size (Fig. 1a) . They reproduced by budding and occurred singly, in pairs and short chains (four to five cells) or formed large shapeless aggregates. Motile cells had one polar flagellum. Transmission electron microscopy revealed that a pirellulosome makes up the most part of the cell and is separated from the paryphoplasm by an intracellular membrane. The characteristic condensed DNA formed an unmistakable nucleoid (Fig. 2) . Strain SVX8
T grew at temperatures between 30 and 68 8C with an optimum at 55 8C. No growth was observed at 28 8C and below or at 70 8C and above. The pH range for growth of strain SVX8
T was 5.0-9.0 with an optimum at 7.0-8.0. No growth was detected at pH 4.5 or below or at pH 9.5 and above. NaCl concentrations for growth were 0.8-4.5 % (w/v) with an optimum at 2.5-3.5 % (w/v). No growth was detected at 0.5 % (w/v) NaCl and below or at 5.0 % (w/v) NaCl and above. In the absence of external electron acceptors, strain SVX8
T grew by fermentation of D-glucose, cellobiose, maltose, sucrose, trehalose, agarose, pectin, xanthan gum and xylan (2 g l 21 each). ) as an electron acceptor producing hydrogen sulfide (5.5-6.0 mM). The final cell concentration during growth with S 0 and organic electron donors was in the range 1610 8 cells ml
. Sulfate (14 mM), sulfite (5 mM), thiosulfate, (15 mM), nitrite (2.5 or 1.0 mM) and ferrihydrite (90 mmol l 21 ) were not reduced and did not support growth with maltose as an electron donor in the presence of 0.1 g yeast extract l
. No lithoauthotrophic growth with hydrogen as an electron donor and nitrate or sulfur as an electron acceptor as well as growth with sulfur as an electron donor and nitrate as an acceptor was observed. The isolate did not grow under aerobic conditions but grew microaerobically (up to 2 % O 2 in the gas phase). The growth was coupled to oxygen consumption (from 2 % to below 0.01 % O 2 in the gas phase). No growth was detected when oxygen concentration in the gas phase was 3 % and above. Strain SVX8 T tested positive for catalase and negative for oxidase. CFA analysis demonstrated a dominance of saturated C 16 : 0 (70.2 % of the total) with lesser amounts of 11-methyl C 18 : 0 (15.1 %) and C 18 : 0 (5.6 %). Other fatty acids comprised less than 4.5 % of the total fatty acid content (Table S1 , available in the online Supplementary Material). No unsaturated or hydroxy fatty acids were detected. The G+C content of the genomic DNA of strain SVX8 T was 58.5 mol%. A comparison of the nearly complete 16S rRNA gene sequence of the new isolate with those available in the GenBank database revealed that it belonged to the order Planctomycetales (Fig. 3) . SVX8
T displayed highest 16S rRNA gene sequence similarity (92.5 %) to Thermogutta hypogea SBP2 T (Slobodkina et al., 2015) . Among validly described species beyond the genus Thermogutta, the closest relative was Blastopirellula marina DSM 3645 T (87.6 %).
The isolate obtained in this study is a facultatively anaerobic and microaerophilic, thermophilic bacterium belonging to the order Planctomycetales. The new strain shares general morphological and nutritional features with the members of the order (Fuerst, 2005; Ward et al., 2006) . Together with the representatives of the genus Thermogutta, SVX8
T differs from all planctomycetes by the capacity for anaerobic growth at elevated temperatures. The low level of 16S rRNA gene sequence similarity (,93 %) along with some phenotypic characteristics distinguish strain SVX8 T from representatives of the genus Thermogutta (Table 1) . The new strain is the first thermophilic planctomycete isolated from the marine environment. It has a higher salinity range and optimum for growth and also differs in terms of utilization of electron donors and acceptors. The CFA profile of strain SVX8
T displays predominance of C 16 : 0 , characteristic for all members of the Pirellula-Rhodopirellula-Blastopirellula group. In contrast to Thermogutta species, strain SVX8 T has higher proportions of branched acids and has almost no long-chain C 20 : 0 (Table S1 ). Unsaturated fatty acids, which are typical for mesophilic organotrophic planctomycetes (Kerger et al., 1988; Kulichevskaya et al., 2008 Kulichevskaya et al., , 2012 , are absent from SVX8
T . The lack of unsaturated fatty acids in the CFA profile of SVX8 T and species of the genus Table 1 . Distinguishing characteristics of strain SVX8 T in comparison with Thermogutta hypogea and Thermogutta terrifontis Taxa: 1, strain SVX8 T ; 2, T. hypogea; 3, T. terrifontis. Data for T. hypogea and T. terrifontis were taken from Slobodkina et al. (2015) . +, Positive; 2, negative; +/2, variable. Thermogutta probably indicates that this feature is specific for thermophilic representatives of Planctomycetales. On the basis of the phylogenetic position and phenotypic features, we suggest assigning the new isolate to a novel species of a new genus of the order Planctomycetales, for which the name Thermostilla marina gen. nov., sp. nov. is proposed.
Description of Thermostilla gen. nov. Thermostilla (Ther. mo. stil9la. Gr. adj. thermos hot; L. n. stilla a drop; N.L. fem. n. Thermostilla a drop-shaped thermophile).
Cells are oval-shaped, assembled in aggregates or as single cells. Reproduces by budding. Thermophilic. Facultatively anaerobic. Chemo-organotrophic. Oxidizes organic substrates with external electron acceptors. Grows by fermentation of mono-, di-and polysaccharides. Predominant CFA is C 16 : 0 . Unsaturated and hydroxy fatty acids are lacking. A member of the phylum Planctomycetes, order Planctomycetales, family Planctomycetaceae. The type species is Thermostilla marina.
Description of Thermostilla marina sp. nov.
Thermostilla marina (ma.ri9na. L. fem. adj. marina from the sea, referring to the site of isolation).
In addition to the properties listed in the genus description, has the following properties. Cells are ovoid or drop-shaped, 0.5-1.2 mm in size. Growth occurs at 32-68 uC (optimum at 55 uC), pH 5.0-9.0 (optimum pH 7.0-8.0) and NaCl concentrations of 0.8-4.5 % (w/v) (optimum 2.5-3.5 %). Capable of microaerobic growth. Grows under anaerobic conditions with L-arabinose, D-glucose, cellobiose, maltose, sucrose, trehalose, agarose, alginate, pectin, starch, xanthan gum, xylan and pyruvate as electron donors and nitrate or elemental sulfur as electron acceptors. Growth occurs without external electron acceptors by fermentation of D-glucose, cellobiose, maltose, sucrose, trehalose, agarose, pectin, xanthan gum and xylan. The end products of D-glucose or maltose fermentation are hydrogen, acetate, lactate and CO 2 . Catalase-positive, oxidase-negative.
The type strain, SVX8
T (5JCM 19992 T 5VKM B-2881 T ), was isolated from a shallow submarine hydrothermal vent (Vulcano Island, Italy). The DNA G+C content of the type strain is 58.5 mol% (T m ).
